Discovery and isolation of compounds capable of blocking the interactions between VCAM-1 and VLA-4, a major pair of adhesion molecules contributing to the different steps of leukocyte migration across the endothelium in inflammatory responses, has been a major goal of this lab. Through bioactivity-guided fractionation, five saikosaponins were subsequently isolated from the methanol extracts of the roots of Bupleurum falcatum L. Their structures were elucidated by spectroscopic analysis ( Compounds 1 and 2 inhibited interaction of sVCAM-1 and VLA-4 of THP-1 cells with respective IC50 values of 7.8 and 1.7 µM. The aglycone structure of 2 also showed cell adhesion inhibitory activity with an IC50 value of 21.1 µM. With these results, we suspect these two saikosaponins from the Bupleurum falcatum L. roots to be prime candidates for therapeutic strategies towards inflammation.
Introduction
Leukocytes and monocytes adhere and firmly bind to the vascular endothelium through interaction of integrins (LFA-1, leukocyte function-associated antigen-1; VLA-4, very late antigen-4) and cell adhesion molecules (CAMs) such as intercellular cell adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), during the inflammation processes. [1] [2] [3] Integrins and CAMs also take part in leukocyte spreading and migration across the vascular endothelium into tissue. 4 In particular, VLA-4 (α4β1 integrin, CD49d/CD29) has been reported in various types of inflammatory cells, including eosinophils and T cells, 5 with the interaction between VLA-4 and its ligand VCAM-1 considered necessary in the inflammatory processes. 6 Therefore, several strategies have been developed to block the interaction of VLA-4 and VCAM for inflammation and autoimmune diseases. Anti-α4 monoclonal antibodies and small molecular antagonists 7 for VLA-4 possess reported efficacies in many animal models of inflammatory disease, including asthma, 8 multiple sclerosis, 9 rheumatoid arthritis, 10 and inflammatory bowel disease (IBD). 11 A humanized anti-VLA-4 antibody such as natalizumab has been approved in the treatment of multiple sclerosis (MS) and Crohn's disease. 12, 13 In our search for cell adhesion inhibitors from natural sources, the methanol extracts of Bupleurum falcatum L. showed inhibitory activity in the VCAM-1/VLA-4-mediated cell adhesion assay. Bupleurum falcatum L. belongs to the family of Umbelliferae and is one of the most widely used components in traditional oriental medicines for the treatment of chronic hepatitis and auto-immune disease.
14 Bupleurum falcatum, or its important principle saikosaponins, is known to have numerous phara Both authors equally contributed to this work. macological activities, including anti-inflammatory, 15, 16 antipyretic, 17 and antitussive actions.
14 Accordingly, we herein report the isolation and structural elucidation of compounds 1-5 from Bupleurum falcatum and their inhibition of VLA-4/VCAM-1 interaction.
Experimental Section

General experimental procedures.
1 H-NMR (300 and 500 MHz), 13 C-NMR (75 and 125 MHz), HMQC, and HMBC spectra were obtained on a Varian Unity 300 and Bruker Biospin Avance 500 spectrometer, with pyridine-d5 as the solvent. The ESI-MS was determined using a Finnigan TM navigator spectrometer. The HPLC system consisted of a Hitachi Model L-2130 pump, L-2400 UV detector and YMC J'sphere ODS H-80 column (4 µm, ϕ 20 × 150 mm, YMC Co. LTD.). Reversed-phase CC was conducted using RP-C18 silica gel (Cosmosil 140 C18-PREP, 140 µm, Nacalai tesque, INC.). Silica gel CC was conducted using Kieselgel 60 (70 -230 and 230 -400 mesh, Merck). TLC was conducted using Kieselgel 60 F254 plates (Merck).
Extraction and isolation. The Bupleurum falcatum roots were purchased at an herbal market in Daejeon, Korea. A voucher specimen (PBC-247A) was deposited in the Korea Plant Extract Bank, at the Korea Research Institute of Bioscience and Biotechnology. The dried roots of the Bupleurum falcatum (2.4 kg) were extracted with methanol (10.0 L) for 7 d at room temperature. The methanol extract was evaporated in vacuo, yielding a residue (435.0 g). The residue was suspended in distilled water (2.0 L) and extracted with CHCl3 (8.0 L). The CHCl3 layers were then evaporated in vacuo, with the resulting extract (180.0 g) subjected to silica gel (230 -400 mesh, Saikosaponin B3 (4): [18] [19] [20] [21] Alcoholic alkali metal treatment of compound 2. 22 Compound 2 (70.0 mg) was dissolved in butanol (10.5 mL), followed by addition of sodium metal (350.0 mg). This mixture was allowed to react for 6 hr at 80 
HPLC-ESI-MS analysis. For LC-ESI-MS analysis, an
Agilent 1100 HPLC system coupled with an esquire 6000 mass spectrometer (Bruker daltonics, USA was used. Chromatography was performed on a ZORBAX SB-Aq C18 column (5 µm, 4.6 × 150 mm id, Agilent, USA) at a column temperature of 30 o C and flow rate of 0.5 mL/min, using MeOH-H2O (8:2, v/v) as the mobile phase on an Agilent 1100 HPLC system. The acquisition parameters were as follows: nebulizer gas, N2; nebulizer gas pressure, 70 psi; dry gas, 5.0 L/min; dry temperature, 300 o C; HV capillary, 2500 V; compound stability, 100%; Trap drive level, 100%.
Adhesion of THP-1 on immobilized sVCAM-1. Human acute monocytic leukemia THP-1 cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). The cells were grown in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) and incubated at 37 o C and 5% CO2 in a humidified atmosphere. An adhesion assay using soluble VCAM-1 and THP-1 cells was performed as described 26 Cell viability assay. Cell viability was assessed by morphology and by reduction of the tetrazolium salt (MTT) as previously described. 27 The absorbance was read at 540 nm using a microplate reader (Bio-rad, USA), with a reference absorbance at 650 nm.
Data analysis. Each experiment was performed at least in duplicate. Results were expressed or plotted as the mean value ± standard error (SE).
Results and Discussion
During an investigation of cell adhesion inhibitors from natural sources, the methanol extracts of the roots of Bupleurum falcatum were observed to inhibit interaction of VCAM-1 and VLA-4 of THP-1 cells by 90% at 30.0 µg/mL. The extract was partitioned with CHCl3, with the CHCl3-soluble material showing 98% inhibitory activity at 10.0 µg/mL (Figure 1) . Therefore, the CHCl3-soluble material was fractionated via open-column chromatography on silica gel and ODS and subjected to semipreparative HPLC to yield compounds 1-5. (Figure 3) , respectively. However, 3-5 did not show inhibitory activity with the cell adhesion assay (< 20% at 100.0 µM, data not shown). The activity was verified using monoclonal antibody (CD49d) 26 as a positive control, which inhibited cell adhesion with an IC50 value of 20.0 µM in the present assay system. Simultaneously, 1 and 2 were confirmed as lacking any cytotoxic effects on the THP-1 cells at the concentrations employed in this study (data not shown).
As shown in Figure 2 and 3, 4 and 5, possessing methoxy and methylhydroxy groups, and two sugar moieties, did not show inhibitory activity on the direct binding between the sVCAM-1 and VLA-4 of THP-1 cells. However, 1 and 2, having an epoxy group and two sugar moieties, showed potent inhibitory activities compared with 4 and 5 in this assay. This result suggests that the presence of the epoxy group could affect the cell adhesion inhibitory activity. Nevertheless, 3, having an epoxy group and three sugar moieties, did not show inhibitory activity and suggests that the increase in sugar moieties could decrease the cell adhesion inhibitory activity of these compounds. In addition, 2 has a hydroxyl group (α form) at the C-16 position, compared with 1 (β form). The inhibitory activity of 2 showed a higher potency with an IC 50 value of 1.7 µM, compared to 1, indicating that the hydroxyl group (α form) slightly improves the potency on cell adhesion activity. As a result, cell adhesion inhibitory activities of these compounds may be positively influenced by the presence of the epoxy moiety and hydroxyl group (α-form) at the C-16 position.
Whether the aglycone (6), lacking the two sugar moieties of 2, shows inhibitory activity in the binding between sVCAM-1 and VLA-4 of THP-1 cells was also addressed. On the preferential basis, 2 was treated with an alcoholic alkali metal solution for the preservation of the epoxy moiety in the aglycone (6, Scheme 1), 22 and the reactant subjected to semi-preparative HPLC to yield 6. An LC-MS technique was applied to analyze 6, described in Materials and Methods. As shown in Figure 4 , 6 showed a fragment ion peak at m/z = 471.8 formed when the molecular ion lost the sugar moieties of 2. In the 1 H-NMR spectrum of 6, two olefinic proton signals at δ 6.08 (1H, d, J = 10.0 Hz, H-12) and 5.73 (1H, dd, J = 3.0, 10.3 Hz, H-11), and six methyl protons at δ 1.63, 1.40, 1.09, 1.09, 1.04, and 0.98 (each 3H, s, H-24, 25, 26, 27, 29, 30-Me) were detected. Above all, the NMR spectra of 6 did not reveal the anomeric proton and carbon signals observed at δ 5.36, 4.99, 107.2, and 106.4 in the NMR spectra of 2. Based on the above evidence, its structure was confirmed through NMR and MS spectra analysis, and compared with the literature, [23] [24] [25] as saikogenin G (6). Compound 6 inhibited the binding between sVCAM-1 and VLA-4 of THP-1 cells in a dose-dependent manner, with IC50 values of 21.1 µM ( Figure 5 ). Although the cell adhesion inhibitory activity of aglycone (6) had 12-fold less potency by removing the two sugar moieties of 2, it still showed moderate inhibitory activity in the cell adhesion assay. Therefore, 6 could be an attractive pharmacophore for the design of anti-inflammatory agents.
In conclusion, five saikosaponins (1-5) were isolated from the roots of Bupleurum falcatum L. by active-guide fractionation. Among them, compound 2 showed the highest potency with an IC50 value of 1.7 µM in the assay system, with the aglycone structure of 2 also showing cell adhesion inhibitory activity.
Recent reports have indicated that anti-inflammatory activities of saikosaponins by reduction of cyclooxygenase (COX) and lipoxygenase (LOX) production and inhibition of T cell activation upon modulation of NF-kB activation. [28] [29] Also, it reduced production of pro-inflammatory cytokines such as IL-6, TNF-α, and INF-γ during T cell activation. 30 Moreover, new findings that these compounds possess inhibitory effects on the VLA-4/VCAM-1 interaction have been presented in this paper. Therefore, these results could be useful for the design of new cell adhesion inhibitors to lead to anti-inflammatory agents.
